The type I interferon (IFN) system plays an important role in controlling herpesvirus infections, but it is unclear which IFN-mediated effectors interfere with herpesvirus replication. Here we report that human myxovirus resistance protein B (MxB, also designated Mx2) is a potent human herpesvirus restriction factor in the context of IFN. We demonstrate that ectopic MxB expression restricts a range of herpesviruses from the Alphaherpesvirinae and Gammaherpesvirinae, including herpes simplex virus 1 and 2 (HSV-1 and HSV-2), and Kaposi's sarcoma-associated herpesvirus (KSHV). MxB restriction of HSV-1 and HSV-2 requires GTPase function, in contrast to restriction of lentiviruses. MxB inhibits the delivery of incoming HSV-1 DNA to the nucleus and the appearance of empty capsids, but not the capsid delivery to the cytoplasm or tegument dissociation from the capsid. Our study identifies MxB as a potent pan-herpesvirus restriction factor which blocks the uncoating of viral DNA from the incoming viral capsid.
V iruses are ubiquitous and affect all forms of life. In humans, livestock and plants, they cause disease by recurrent or chronic infections, and have had a major impact on human evolution. For example, viruses influenced the emergence and maintenance of elaborate host defence systems, such as innate and adaptive immunity [1] [2] [3] [4] . In the course of an infection, viruses elicit danger signals, and trigger cell-based innate immunity owing to viral components, including virions, viral proteins and nucleic acids, and cell damage 5, 6 . A major branch of mammalian innate immunity against viruses is the interferon (IFN) system 7 . This system comprises type I, II and III IFN, and involves hundreds of IFN-stimulated genes (ISGs). ISG expression can lead to the so-called restriction factors which directly inhibit a process essential to the production of virus progeny, or ISG expression can act indirectly by building up an elaborate antiviral network 8 .
Human myxovirus resistance protein B (MxB) has recently been identified as an IFN-induced restriction factor of human immunodeficiency virus type 1 (HIV-1) and other primate lentiviruses [9] [10] [11] . MxB is a member of the dynamin-like large GTPases and is closely related to MxA, an ISG product with broad antiviral activity against a multitude of RNA viruses and some DNA viruses but not against herpes simplex virus 1 (HSV-1) or HIV-1 9, 12, 13 . At the subcellular level, MxB can be found in the cytoplasm, on the cytoplasmic face of nuclear membranes and in the nucleus 10, 12, 14 . Under certain conditions, MxB has been shown to bind to HIV-1 capsid-like recombinant assemblies via its amino-terminal domain [15] [16] [17] . This has been taken as evidence that MxB prevents uncoating of proviral DNA from incoming HIV-1 capsids. The antivirally active form of MxB is likely an antiparallel dimer and the formation of higher-order oligomeric structures does not appear to be required to exert full antiviral function 15, 18 . However, binding of MxB to HIV-1 capsids is clearly not sufficient for the observed antiviral activity, since MxB retains binding capacity to capsid mutants that are resistant to the antiviral effect of MxB 15 . Intriguingly, the GTPhydrolysing function of MxB appears to be dispensable for the antiviral activity against HIV-1 9, 10, 19 , which stands in contrast to the antiviral activity of MxA that requires GTPase function 13, 20 . Antiviral activity of MxB is likely not restricted to HIV-1, as indicated by a recent analysis of MX2 (the gene encoding MxB) evolution 21 . In their study, Mitchell et al. 21 found that amino acid residues, which are important for antilentivirus activity, have not evolved under diversifying selection in primates, indicating that MxB functions beyond lentivirus restriction. We therefore evaluated whether other human viruses, which replicate in the nucleus, are restricted by MxB and focused on HSV-1 and human adenovirus C serotype 5 (HAdV-C5).
HAdV-C5 is a widespread human pathogen of the respiratory tracts and is life-threatening in immunosuppressed individuals 22 . Its replication is suppressed by IFN and can lead to persistent infection with low levels of virus production 23 . HAdV-C5 enters epithelial cells by clathrin-dependent and clathrin-independent, dynamin-2-dependent endocytosis 24 . It escapes from nonacidified early endosomes, is transported by dynein-dependent and microtubule-dependent transport to the nucleus, binds and uncoats at the nuclear pore complex (NPC) and imports a double-stranded linear DNA genome in complex with viral proteins into the nucleus [25] [26] [27] [28] [29] [30] . Adenovirus intercepts IFN restriction by its immediate-early protein E1A, which inhibits the E3 ubiquitin ligase hBre1, and thereby results in transcriptional suppression of ISGs 31, 32 .
Human herpesviruses are prevalent in humans, and cause disease ranging from subclinical manifestations to encephalitis and cancer, particularly in immunocompromised individuals.
Members of each subfamily Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae establish lifelong persistence by latent infections. The virions contain a double-stranded DNA genome wrapped in an icosahedral capsid surrounded by a proteinaceous layer referred to as tegument, and a lipid envelope that harbours the glycoproteins required for entry into host cells. Entry can either occur through fusion of the viral envelope with the plasma membrane or by endocytosis 33, 34 . Upon entry, the tegument gradually dissociates and the capsid is transported along microtubules to the nuclear envelope. Injection of the viral genomic DNA into the nucleus occurs at the NPC in a process that involves tegument and capsid proteins as well as cellular nuclear import factors and nucleoporins (reviewed in Refs. [35] [36] [37] [38] ). Nuclear entry is followed by transcription of immediate-early genes including RL2, encoding the infected cell protein 0 (ICP0), which in turn drives HSV-1 early and late gene expression and is required for efficient replication.
Incoming herpesviruses trigger a pronounced innate immune response including the production of type I IFN 39, 40 . Although the recognition of herpesviruses by pattern recognition receptors mediating IFN synthesis has been studied extensively (reviewed in Refs. [41] [42] [43] , little is known about the IFN-induced effector mechanisms that result in the inhibition of virus replication. Several ISGs with antiviral function such as the dsRNAdependent protein kinase R (PKR), viperin, tetherin, zinc-finger antiviral protein and 2′-5′ oligoadenylate synthetase (OAS) have been implicated in restricting herpesviruses, but their contribution remains to be elucidated (reviewed in Refs. 44, 45 ).
Here we report that MxB efficiently blocks herpesvirus infection at an early post-entry step, which precludes the nuclear translocation of the incoming viral DNA.
Results
Interferon-induced MxB inhibits HSV-1 replication. To assess the impact of MxB expression on HSV-1 infection, we transfected T98G glioblastoma cells known to express high levels of MxB in response to type I IFN 46 (see also Supplementary Fig. 1a ) with non-targeting control small interfering RNA (siRNA) (siNT) and MX2-targeting siRNAs (siMxB 3'-untranslated region (UTR), siMxB #1). MxB was expressed in IFN-α2-treated cells transfected with control siRNA, where it accumulated at the nuclear envelope as well as in the cytoplasm, as previously described 10, 47 . Transfection with MX2-specific siRNAs prevented the accumulation of MxB to detectable levels ( Fig. 1a -c). Infection of siNT-transfected T98G cells with two distinct HSV-1 strains (MacIntyre and F) yielded viral titres of approximately 5 × 10 7 TCID 50 /ml. In order to exclude non-specific effects of siRNA transfection, relative titres are shown ( Fig. 1b, c) . Pretreatment of T98G cells with 500 IU/ml IFN-α2 reduced viral titres of both strains approximately 1000-fold. Remarkably, in T98G cells transfected with siRNAs specific for MX2, the observed IFN-mediated inhibition of HSV-1 infection was partially released, resulting in approximately 10fold increased viral titres (Fig. 1b, c) . Increased titres in cells transfected with MX2-specific siRNAs were reflected in markedly enhanced levels of HSV-1 virion protein 16 (VP16) when compared to cells transfected with control siRNA (Fig. 1b, c) .
We next monitored the influence of MxB expression on HSV-1 growth in an infection kinetics experiment by employing a livecell fluorescence imaging system and a recombinant HSV-1 strain encoding green fluorescent protein (GFP, strain C12 48 ). We infected T98G cells with C12 virus following transfection with non-targeting or MX2-specific siRNAs and stimulation with IFN-α2. In the absence of IFN-α2 stimulation, the C12 strain grew rapidly, reaching maximal GFP signal (40-56 arbitrary units (a. u.)) between 60 and 72 h post infection (p.i.), irrespective of the siRNA used ( Fig. 1d and Supplementary Fig. 1b ). By contrast, in IFN-α2-stimulated cells transfected with non-targeting siRNA, HSV-1 grew slowly, reaching approximately 6 a.u. at 72 h p.i. In cells pretreated with MX2-specific siRNAs, however, the block was gradually released and GFP signals reached between 27% and 45% of the IFN-α2-untreated controls (Fig. 1d ). Hence, MxB contributes significantly to the IFN-mediated inhibition of HSV-1 infection. As a control, we performed an analogous ARTICLE experiment using two siRNAs targeting the coding region of PKR, an ISG with known anti-HSV-1 activity 44 . The observed PKR siRNA-dependent release of HSV-1 restriction resulted in 22-26% of viral growth compared to the untreated controls ( Supplementary Figs. 1c, d and 7d ). We therefore concluded that in this setting, the potential of MxB to restrict HSV-1 is comparable to PKR.
Overexpression of MxB inhibits herpesvirus growth. We next tested whether ectopic expression of MxB in the absence of IFN-α2 stimulation would restrict HSV-1 and other members of the Herpesviridae family. For this purpose, we generated several stably transduced A549 and Vero cell clones constitutively expressing glutathione S-transferase M1 (GST, control) or MxB by means of lentiviral vectors. In MxB-expressing A549 cells, ectopic MxB was found at the nuclear membrane and in a punctate pattern in the cytoplasm ( Fig. 2a ). A similar phenotype was observed in Vero cells stably overexpressing MxB (Supplementary Fig. 2c ). Transfection with siRNAs against the coding region of MX2 (siMxB #1, siMxB #2) reduced the level of MxB expression to about 30% or less of the control (siNT), whereas an siRNA against the 3′-UTR of the endogenous MX2 mRNA (siMxB UTR) not present in the overexpressed gene had no inhibitory effect ( Fig. 2b and Supplementary Fig. 2d ). Control infection of A549-GST and A549-MxB cell clones with the HIV-1-based luciferase reporter virus NL-Luc 49 and influenza A virus (IAV) confirmed that MxB restricts replication of HIV-1 but not IAV [9] [10] [11] [12] ( Supplementary Fig. 5b and Fig. 2c ). Vesicular stomatitis virus (VSV) was previously reported to be inhibited by MxB 50 . In our cell culture system, we observed a fivefold reduction of VSV infection in cells expressing MxB as compared to GST (Fig. 2d ). Further, we tested whether MxB would inhibit growth of human HAdV-C5. We observed a 2.4-fold reduction of HAdV-C5 titres in multi-round infections of A549-MxB cells ( Fig. 2e ), and an inhibition of GFP expression in single-round infections using GFP or late viral protein expression as a readout ( Supplementary  Fig. 5c ). However, transfection of siRNA against MX2 did not restore HAdV-C5 reporter gene expression, suggesting that the effects of MxB on HAdV-C5 infection were indirect or unspecific ( Supplementary Fig. 5d ). In contrast, we found that MxB expression had a pronounced negative effect on several representatives of the Alphaherpesvirinae subfamily. In our experiments, we used stocks of three different HSV-1 strains (MacIntyre, F or C12) grown under identical conditions. When we challenged A549 cells expressing MxB with these three strains, viral titres were reduced about 75-fold as compared to A549-GST cells ( Fig. 2f-h) . Similarly, the commonly used HSV-2 strain G showed a reduction of approximately 50-fold ( Fig. 2i ). Transfection of an siRNA against the 3′-UTR of endogenous MX2 mRNA had no effect on HSV growth. On the contrary, transfection with siRNAs against the coding region of MX2 largely restored titres of all tested HSV-1 strains and HSV-2 ( Fig. 2f -i). Cell lysates prepared at the time of virus supernatant collection revealed that HSV late protein VP16 was expressed at considerably lower levels in A549-MxB cells compared to control cells, yet VP16 expression was fully restored upon MX2 silencing ( Supplementary Fig. 7b ). Importantly, siRNA transfection did not impact herpesvirus titres or VP16 expression in A549-GST cells, and the effect of the individual siRNAs on cell viability in the different cell lines was negligible, thereby excluding unspecific effects of the different siRNAs used in this system (Supplementary Fig. 7a ). In order to rule out possible effects of individual cell clones on HSV titres, two additional, independently generated A549-MxB cell clones (MxB_2 and MxB_3) were tested for restriction of HSV-1 strain C12 and HSV-2. Both additional A549-MxB clones inhibited HSV-1 and HSV-2 to the same extent as the original A549-MxB clone, and this effect was again reverted with MX2-specific siRNAs ( Supplementary Fig. 2a, b ). The fact that the rescue of the HSV titres was not always complete ( Fig. 2f -i, Supplementary Fig. 2b ) may be due to incomplete silencing of MX2 expression in A549-MxB cells at the time of infection ( Fig. 2b and Supplementary Fig. 7e ). In Vero cells, the MxB-mediated inhibition of HSV-1 replication was readily measurable but less pronounced as compared to A549 cells ( Supplementary Fig. 2e ). We then tested whether Kaposi's sarcoma-associated herpesvirus (KSHV), a representative of the Gammaherpesvirinae subfamily, was restricted by MxB in A549 cells. Here, we made use of a recombinant KSHV that expresses GFP upon virus entry into the host cell nucleus and red fluorescent protein (RFP) upon lytic reactivation 51 . While KSHV was detected in 79-88% of A549 cells expressing GST, only 27-31% of A549 cells expressing MxB showed a detectable level of KSHV infection ( Fig. 3a ). Pretreatment of A549-MxB cells with MX2specific siRNAs siMxB #1 and siMxB #2 resulted in a strong rescue of KSHV infectivity (58-62% in A549-MxB cells compared to 70-87% in A549-GST cells, Fig. 3a ). Moreover, we employed immunofluorescence assays to assess the accumulation of latencyassociated nuclear antigen (LANA), one of the three main KSHV proteins expressed during persistent latent infection. Endogenous LANA staining is widely used to detect KSHV infection, as KSHV establishes latency as a default program in various systems in vitro and in vivo, including epithelial cells [51] [52] [53] [54] . In A549-GST cells, LANA accumulation was detected in the majority of cells after overnight infection with KSHV ( Supplementary Fig. 3a ). A549-MxB cells exhibited only 10-17% of the average signal intensity measured in the respective control condition ( Fig. 3b and Supplementary Fig. 3a ). Similarly to our results in the flow cytometry-based assay ( Fig. 3a ), endogenous LANA expression was rescued upon MX2 silencing in A549-MxB cells (50-92% of the respective control), emphasising the specificity of MxB in restricting KSHV ( Fig. 3b and Supplementary Fig. 3a ). GFP and LANA signals measured in parallel revealed a strong correlation (Spearman's ρ = 0.787, p < 0.0001, Supplementary Fig. 3a ), which is consistent with the notion that GFP under transcriptional control of the eukaryotic translation elongation factor 1α (EEF1A1) promoter can be used as a marker of KSHV infection 51 . KSHV lytic gene expression, as measured by RFP expression under the control of the KSHV lytic polyadenylated nuclear RNA (PAN) promoter, was hardly detectable in A549 cells at 48 h p.i., suggesting a predominantly latent infection of these epithelial cells. Since KSHV also exhibits a natural tropism for endothelial cells 54 , we tested MxB-dependent restriction of KSHV in primary human umbilical vein endothelial cells (HUVECs). We initially noted that HUVECs induced type I IFN massively and invariantly in response to transfection of nucleic acids or transduction with lentiviral particles. To prevent this effect, we used co-transfection of siRNA against IFN regulatory factor 9 (IRF9) together with non-targeting siRNA or siRNA against MX2 and subsequently transduced the cells with lentiviral vectors encoding either GST or MxB ( Supplementary Fig. 3b ). Infection of HUVECs with KSHV in this setting revealed a modest MxB-dependent restriction (26% less infected cells as compared to the control) that was fully released upon MX2 silencing ( Supplementary Fig. 3c ). KSHV lytic reporter gene expression remained only marginally above background and was therefore omitted from the analysis. Thus, MxB inhibits KSHV early in infection, most likely at the stage of virus entry.
MxB inhibits accumulation of HSV-1 gene products. MxB expression blocks HIV-1 replication at an early step before integration of proviral DNA into the host genome 13 . We therefore asked whether MxB exerts a gatekeeper function by restricting nuclear entry of herpesviral DNA. To this end, we first tested the expression of HSV-1 immediate-early and early genes at 4.5 h p.i. We carried out quantitative reverse transcription PCR (RT-qPCR) analyses with RNA isolated from A549-GST and A549-MxB cells infected with HSV-1 strain MacIntyre, F or C12.
In the presence of MxB, mRNA accumulation of immediate-early genes RL2 and RS1 (encoding ICP0 and ICP4, respectively) and early gene UL29 (encoding ICP8) was reduced 2-3-fold in the strains MacIntyre and F ( Fig. 4a , b) and 5-7.5-fold in the recombinant strain C12 (Fig. 4c ). The apparent differences between strain C12 and the two natural strains may be explained by different kinetics in life cycle progression, enhanced sensitivity to MxB or a combination of both.
Our results from the RT-qPCR analyses were reflected in significantly and consistently reduced de novo expression of immediate-early proteins ICP0 and ICP4 and early protein ICP8 in A549-MxB cells infected with HSV-1 strain MacIntyre or F ( Fig. 4d, e ). As a consequence, we also observed a strong inhibition of VP5 synthesis in both strains ( Fig. 4d, e ).
MxB blocks HSV-1 genome uncoating and nuclear translocation. After internalisation of HSV-1 particles into the cytoplasm, tegument proteins begin to dissociate from the capsid, allowing the major capsid protein VP5 to become accessible to specific antibodies 55 . To study the effect of MxB on the exposure of epitopes on the viral capsid during entry, we infected A549-GST or A549-MxB cells with HSV-1 strain F at high MOI in the presence of the protein synthesis inhibitor cycloheximide. Using immunofluorescence assays with an antibody directed against VP5, we monitored the appearance of exposed VP5 epitopes in the cytoplasm during the first 120 min of infection. The HSV-1 VP5 signal remained undetectable during the first 60 min of infection, and then gradually increased at later time points. The number of VP5-specific foci in the cytoplasm likely represented individual capsids or capsid assemblies, and was not altered in cells expressing MxB, suggesting that MxB did not inhibit viral tegument dissociation ( Fig. 5a ). We then asked whether MxB would interfere with trafficking of HSV-1 capsids to the nuclear envelope and/or translocation of genomic DNA into the nucleus. We used a combined immunofluorescence and click chemistry approach to simultaneously detect individual HSV-1 capsids in the perinuclear region and uncoated, condensed HSV-1 genome foci in the nucleus 56 . EdC genome-labelled HSV-1 was added to A549-GST and A549-MxB cells in the presence of cycloheximide to prevent early gene transcription and replication 57 . Cycloheximide has previously been shown not to interfere with HSV-1 genome uncoating and translocation to the nucleus 56 . We assessed the accumulation of capsids in the perinuclear region with an antibody directed against purified DNA-containing HSV-1 capsids (anti-HC). Intriguingly, in the presence of MxB, we observed 51% less accumulation of capsids at the nucleus 30 min p.i., and 67% less accumulation at 120 min p.i. compared to the control (Fig. 5b ). In line with this, nuclear import of uncoated HSV-1 genomes was strongly reduced in A549-MxB cells as compared to A549-GST cells, where it was detectable at 30 min p. i. and peaked at 120 min p.i. (Fig. 5c ). These observations were corroborated by qPCR measurements of the viral genome in the nuclear fraction of A549-MxB cells in presence of cycloheximide. For the HSV-1 strains MacIntyre, F and C12, cells with a silenced MX2 gene exhibited a 1.4-2.2-fold increase of viral genomic DNA in the nuclear fraction compared to the control conditions ( Supplementary Fig. 4a ). The efficiency of MX2 silencing and the efficiency of subcellular fractionation were validated in parallel samples using qPCR of the host gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the nucleus, and immunoblots of αtubulin and histone H3 as cytoplasmic and nuclear markers, respectively ( Supplementary Fig. 4b ). In control siRNA-treated cells, MxB protein was mostly associated with nuclear fractions, consistent with previously published results 14 .
If MxB exerted a gatekeeper function at the NPCs or in the distant cytoplasm, thus interfering with uncoating and/or nuclear translocation of HSV-1 genomic DNA, we would expect more DNA-containing capsids in the cytoplasm of MxB-expressing cells compared to control cells. To test this hypothesis, we performed transmission electron microscopy (TEM) to image the incoming HSV-1 particles containing viral DNA (full capsids with electron-dense material) or lacking viral DNA (empty particles). We infected MxB-expressing and MX2-silenced cells with HSV-1 strain MacIntyre for 3 h in the presence of cycloheximide and processed the samples for TEM analysis (Fig. 6 ). In parallel, MX2 silencing efficiency was determined by immunoblot ( Supplementary Fig. 7c ). The number of HSV-1 capsids in the cytoplasm or in multivesicular bodies (MVBs) was determined in ultra-thin sections across 16 control siRNA-treated and 22 MX2-specific siRNA-treated cells (Fig. 6e ). The cytoplasm of MxB-expressing cells exhibited mostly full capsids ( Fig. 6a ), while MX2-silenced cells contained primarily empty capsids (Fig. 6b ). The plasma membrane and MVBs of both MxBexpressing and MX2-silenced cells displayed virions containing full capsids in approximately similar amounts ( Fig. 6c, d) , representing quasi-equivalent inocula. Collectively, these data suggest that MxB interferes with HSV-1 entry at a step after tegument dissociation but before viral genome uncoating and translocation into the nucleus.
HSV-1 restriction by MxB requires an intact GTPase domain.
Whereas the antiviral function of MxA depends on the GTPbinding and GTP-hydrolysing activities, the GTPase activity of MxB is apparently not required to inhibit HIV-1 replication 9, 10, 13, 19, 20 . Determinants of anti-lentivirus activity were instead found within the amino-terminal region of MxB 17, 19, 58, 59 .
To elucidate whether the amino terminus of MxB and/or its GTPase function were necessary for HSV-1 restriction, we made use of the herpesvirus-inducible luciferase reporter plasmid pGL-T9G 60 . The construct was transiently transfected into HeLa cells together with increasing amounts of expression plasmids encoding GST, wild-type MxB, the short isoform of MxB (MxB Δ1-25), an MxB mutant where a specific residue that has been under strong positive selection in Old World monkeys and hominoids was converted to a residue found in New World monkeys (MxB G51Q) 21 , or an MxB mutant with a point mutation in the globular (G) domain that abrogates the GTPhydrolysing activity (MxB T151A) 47, 61 . We reasoned that a transient expression system would allow us to study the behaviour of different MxB variants in a dose-dependent manner without possible adverse effects of clonal selection in stable overexpressing systems. Infection of GST-expressing cells with HSV-1 strain MacIntyre led to a 100-fold induction of the herpesvirus-specific luciferase reporter, irrespectively of the amount of expressed transgene (Fig. 7a ). The reporter signal augmented with time and increasing MOI and could be antagonised by adding the HSV-specific DNA polymerase inhibitor phosphonoacetic acid, demonstrating that the reporter activity was entirely dependent on progressive HSV-1 infection ( Supplementary Fig. 6c-e ). Furthermore, a reporter that expresses luciferase under the control of a cellular promoter was not affected by increasing doses of GST, wild-type MxB or mutants thereof ( Supplementary Fig. 6b ). For wild-type MxB-overexpressing cells or MxB G51Q-overexpressing cells infected with HSV-1 strain MacIntyre, we observed a significant dose-dependent inhibition of the herpesvirus reporter as compared to the GST control. However, this effect was not seen in cells expressing either the short isoform or the GTPase-deficient form of MxB (Fig. 7a) . Similar experiments with HSV-1 strain F and HSV-2 yielded comparable results ( Supplementary Fig. 6a ).
We then tested whether there was a link between antiherpesvirus activity and subcellular localisation of MxB, as previously suggested for MxB in HIV-1 restriction 19 . The characteristic perinuclear localisation of MxB was observed in both MxB mutants but not in the short isoform lacking the first 25 amino acids (Fig. 7b) .
Finally, to control for antiviral activities of the different MxB variants, we transfected HeLa cells with a similar panel of expression vectors but infected with the VSV-pseudotyped, HIV-1-based luciferase reporter virus NL-Luc. In accordance with previous findings 10 , amino-terminal residues that are found in the long but not in the short isoform of MxB were indispensable for the interference with HIV-1 infection, but the GTPase function could be abrogated without losing the anti-HIV-1 effect ( Supplementary Fig. 5a ).
Discussion
Type I IFN interferes with herpesvirus replication in both epithelial and neuronal cells 62 . Several IFN-induced effector proteins, including PKR and OAS, have been implicated in restricting herpesvirus infection so far 63, 64 , but the extent of their respective contributions is difficult to assess due to the elaborate evasion strategies that the herpesviruses evolved 41, 42 .
Here we demonstrate that MxB plays a critical role in inhibiting several members of the Alphaherpesvirinae and Gammaherpesvirinae subfamilies. In agreement with our results, murine gammaherpesvirus 68 has already been implicated as a target of MxB in a screen for IFN-induced antiviral factors 50 . The contribution of MxB to the type I IFN-induced restriction of HSV-1 is highly significant. Out of the 3-log 10 inhibition imposed by IFN treatment, 0.9-1.4 log 10 could be attributed to the contribution of MX2 (Fig. 1b, c) . These observations suggest that herpesviruses are yet to evolve effective strategies to evade the activity of MxB. Remarkably, the contribution of MxB to the restriction of HSV-1 is at least as pronounced as the one of PKR 63 , since silencing of PKR and MX2 resulted in comparable rescue of reporter expression of the C12 strain (compare Fig. 1d with Supplementary Fig. 1c ). Silencing of ectopically expressed MxB with siRNA against the coding region of MX2 led to a complete or near-complete relieve of herpesvirus restriction (Figs. 2f-i and 3a, b). These findings indicate that MxB directly interferes with herpesvirus replication and not indirectly, for example, by inducing antiviral effector proteins. However, we cannot exclude other cell-intrinsic or IFN-related factors contributing to the activity of MxB against herpesviruses, since Vero cells (monkeyderived cells deficient in the synthesis of type I IFN) exhibited a lower degree of inhibition compared to A549 cells (compare Supplementary Fig. 2a with Supplementary Fig. 2e ), despite similar expression levels of human MxB (Fig. 2b and Supplementary Fig. 2d ). Alternatively, the differences observed in the two cell types may be explained by differences in the cell-cycle stage at the time of infection, given the role of MxB in cell-cycle progression and the negative effect of S-phase inhibition on the antiviral potency against HIV-1 10,47 .
Available evidence suggests that MxB is rather selective with respect to its antiviral targets (see Ref. 13 and our study). Primate lentiviruses and herpesviruses are unrelated to each other, yet have similar nuclear entry mechanisms at least with respect to using the NPC as a gateway into the nucleus 38 . They are both targets of MxB, whereas MxB does not affect other RNA viruses that import their genome into the nucleus via the NPC, such as IAV (see Ref. 12 and Fig. 2c ). This supports the view that MxB does not act by controlling transport processes through the NPC per se 47 . Indeed, viruses that replicate independently of nuclear functions, such as the rhabdovirus VSV (see Ref. 50 and Fig. 2d ) and hepatitis C virus (HCV) 65 , may also be targeted by MxB in the cytoplasm. We observed a minor reduction of HAdV-C5 multi-cycle infection in A549-MxB cells (Fig. 2c ) and a pronounced inhibition of single-round infection ( Supplementary  Fig. 5c ). However, this infection could not be rescued by MX2specific siRNAs ( Supplementary Fig. 5d ), suggesting MxBindependent effects or indirect effects of MxB on HAdV-C5 infection. For instance, the continued expression of MxB may induce IFN and/or production of other ISGs restricting HAdV-C5. MxB-induced gene products may be long lasting and resist MX2 silencing, yet act as auxiliary factors against HAdV-C5. Such a scenario has been discussed for the MxB paralog MxA in HCV restriction 66 . The lack of such auxiliary factors against HIV-1 may explain the observation that endogenous MxB does not contribute to the type I IFN-mediated inhibition of HIV-1 in certain human cell lines 67 . All in all, it is debatable whether MxB directly restricts HIV-1 infection. MxB has been reported to bind to tubular recombinant HIV-1 capsid structures in vitro 15 . However, mutations in the HIV-1 capsid rendering HIV-1 resistant to MxB do not affect the interaction of the capsid with MxB, suggesting indirect effects in restricting HIV-1 [15] . It remains to be elucidated whether MxB targets herpesvirus capsids and/or components of the NPC such as Nup358 or Nup214, which are implicated in nuclear import of both HIV-1 proviral DNA and HSV-1 genomic DNA [68] [69] [70] [71] .
MxB inhibits herpesviruses at an early step in the life cycle. Our data indicate that MxB acts at a step after virus entry and tegument dissociation from the capsid (Fig. 5a ) but prior to uncoating of viral DNA from the capsid (Fig. 6 ) and nuclear import of viral DNA (Fig. 5c, Supplementary Fig. 4a ). As a consequence, consecutive steps such as accumulation of immediate-early HSV-1 transcripts and proteins are reduced (Fig. 4) .
Collectively, these observations are in agreement with the hypothesis of a cytoplasmic gatekeeper function of MxB against herpesviruses. It is possible that the block occurs directly at the NPC, as suggested by the subcellular localisation of MxB (Figs. 1a,  2a and 7b ). We cannot rule out, however, that MxB blocks the microtubule-directed transport of HSV-1 capsids to the nuclear pores, or another licencing step in the cytoplasm that renders the capsids competent for DNA uncoating, or capsid docking to the NPC. The latter scenario may be supported by the observation that MxB-expressing cells had low numbers of capsids near the nucleus (Fig. 5b) .
In addition to blocking herpesvirus entry, it is possible that MxB has antiviral activity also at later time points in the viral life cycle, for example, during exit of newly assembled capsids from the nucleus. While HSV protein expression could be fully rescued when MX2 was silenced in A549-MxB cells, a complete rescue of virus titres was not always achieved (compare Fig. 2f -i with Supplementary Figs. 2a and 7b ). Thus, we cannot exclude that MxB impacts the production of mature, infectious virions at multiple levels.
Examination of structural and functional features of MxB required for inhibiting herpesvirus replication revealed that residues within the amino-terminal 25 amino acids of the long isoform and the GTPase function of MxB were critical for MxB activity against HSV-1 and HSV-2 ( Fig. 7a and Supplementary  Fig. 6a ). This is reminiscent of the MxB paralog MxA, which depends on a functional GTPase to inhibit many RNA and DNA viruses in the cytoplasm 13 . Intriguingly, the perinuclear association of the MxB T151A mutant was stronger than wild-type MxB (Fig. 7b) , consistent with the hypothesis that the site of MxB enzymatic activity is close to this location 47 . It is possible that MxB associates with the nuclear envelope and thereby interferes with herpesvirus uncoating. However, any perinuclear localisation of MxB would not be sufficient, since the non-restricting GTPase-deficient mutant MxB T151A was also found in the perinuclear region.
The amino acid residue at position 51 in simian MxB was shown to be under strong positive selection in Old World monkeys and hominoids, with a glycine emerging as a fixed mutation in this primate lineage 21 . We thus tested whether G51 of human MxB was involved in herpesvirus restriction by mutating the glycine to glutamine as seen in New World monkeys. However, this conversion did not alter the activity of MxB against HSV-1 (Fig. 7a) , which leaves the origin of selection pressure at this residue unknown. We suggest that in catarrhine species, MxB restricts pathogens beyond herpesviruses and lentiviruses 21 .
Evidently, the GTP hydrolysis-mediated conformational change of MxB 47 is indispensable for its activity against herpesviruses, while the amino-terminal region upstream of the G domain of MxB appears to be sufficient for the inhibition of HIV-1 19 . This points at distinct inhibitory mechanisms of MxB against HSV-1 and HIV-1. Nevertheless, the fact that the amino terminus of MxB is important for restricting both HSV-1 and HIV-1, and together with the lentiviral expression constructs. A549 and Vero cells were transduced with the packaged expression vectors and clones with high gene expression were selected and maintained with 5 µg/ml puromycin (Invivogen). As a quality control, the identity of the stable A549 and Vero clones was confirmed by sequencing.
Plasmids. For transient overexpression experiments, full-length GSTM1 and MX2 cDNAs plus the cDNA fragment encoding the short isoform of MxB (MxB Δ1-25, base pairs 76-2148 of MX2 cDNA) were cloned into pCDNA3.1-Neo(+) expression vector (Invitrogen) using the NotI and XbaI restriction sites. The MX2(G51Q) and MX2(T151A) mutant vectors were generated by site-directed mutagenesis (QuikChange II XL, Agilent Technologies) according to the manufacturer's instructions. The herpesvirus-specific luciferase reporter plasmid pGL-T9G has previously been described 60 .
Viruses. All viruses used in this study apart from KSHV were grown on A549 cells at 37°C and 5% CO 2 and their infectious titres were determined on A549 cells (expressed as median tissue culture infective dose, TCID 50 , as estimated by the Spearman-Kaerber method) unless specified otherwise. HSV-1 strain MacIntyre (VR-539) and strain F (VR-733) were purchased from ATCC. HSV-1 strain C12 has previously been described 48 and was kindly provided by S. Efstathiou (University of Cambridge, Cambridge, UK). HSV-2 strain G (ATCC, VR-734) was grown at 34.5°C and 5% CO 2 . IAV strain WSN (A/WSN/1933 (H1N1)) was grown and titrated by plaque assay on Madin-Darby canine kidney cells in the presence of 0.5 µg/ml tosyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma- Aldrich). HAdV-C5 (wt300) has previously been described 29 . Recombinant Kaposi's sarcoma-associated herpesvirus (rKSHV.219 51 ) was obtained from BrK.219 cells 72 (generously provided by Thomas Schulz, Hannover Medical School, Hannover, Germany) treated with Roswell Park Memorial Institute (RPMI) 1640 medium (Life Technologies) containing 0.625 μg/ml anti-human IgM (μ-chainspecific, Southern Biotech), 0.05 μg/ml 12-O-tetradecanoylphorbol-13-acetate and 8% FBS. Cell-free supernatants were centrifuged at 30,000 × g and 4°C for 2 h and titres of virus concentrates were determined by flow cytometric analysis of GFPpositive HEK-293T cells 48 h p.i. on a FACSCanto II (BD Biosciences). EdC genome-labelled HSV-1 was generated and purified as follows. A549 cells were infected with HSV-1 strain F at a low MOI and incubated until a complete cytopathic effect developed. EdC was added to the cells at 4 h p.i. to a final concentration of 2.5 µM. EdC was synthesised as described 73 . Extracellular medium was harvested and the cellular debris was removed by low-speed centrifugation. The virus-containing supernatant was centrifuged at 27,500 × g and 4°C for 90 min. The resulting pellets were resuspended by gentle shaking overnight at 4°C in MNT buffer (30 mM 2-(N-morpholino)ethanesulfonic acid, 100 mM NaCl, 20 mM Tris-HCl, pH = 7.4). After waterbath sonification (three times for 30 s each at 4°C), the suspension was layered on top of a discontinuous Nycodenz ® gradient (20% and 30% Nycodenz ® , SERVA Electrophoresis GmbH, Heidelberg) and centrifuged at 140,000 × g and 4°C for 2 h. The virus-containing band accumulated at the interface was collected, aliquoted, snap frozen in liquid nitrogen and stored at −80°C.
RNA interference. Transfection of siRNA was performed using Lipofectamine RNAiMAX reagent (Life Technologies) according to the manufacturer's standard reverse transfection protocol, unless stated otherwise. Briefly, transfection complexes were prepared using 30 nM siRNA and 1 µl transfection reagent in a 24-well format, unless stated otherwise. Cells in suspension were added to the complexes and incubated for 24 h at 37°C. Transfection complexes were removed by washing with phosphate-buffered saline (PBS) and cells were incubated for another 24 h in growth medium. The siRNAs used in this study were purchased from Qiagen (siNT, custom siRNA, target sequence 5′-AAG CGT TCG TCC TAT GAT CGA-3′; siMxB UTR, Cat. No. SI00038206, target sequence 5′-CAG CAT TGT AAC TGC TTA ATA-3′; siMxB #1, Cat. No. SI00038220, target sequence 5′-TAG GCA TAC TTG CAA CTA ATA-3′; siRPS27A, custom siRNA, target sequence 5′-GCT GGA AGA TGG ACG TAC T-3′) and Dharmacon (siMxB #2, Cat. No. D-011736-01, target sequence 5′-GAG CAC GAU UGA AGA CAU A-3′).
Indirect immunofluorescence assays. Cells grown on glass coverslips were fixed with 3% (w/v) paraformaldehyde (PFA) in PBS for 10 min. Subsequent permeabilisation and antibody staining was performed using PBS supplemented with 50 mM NH 4 Cl, 0.1% (w/v) saponin and 2% (w/v) bovine serum albumin (BSA, Roth AG, Arlesheim). Primary antibodies used were goat anti-MxB (Santa Cruz Biotechnology, sc-47197, 1:50), mouse anti-HSV-1/2 VP5 (Abcam, ab6508, 1:200), rabbit anti-HC polyclonal antibody (PAb) (directed against purified DNAcontaining HSV-1 capsids, kindly donated by R. Eisenberg and G. Cohen, University of Pennsylvania, Philadelphia, USA, 1:1000) and rat anti-LANA (Advanced Biotechnologies Inc., #13-210-100, 1:500). Secondary antibodies used were donkey anti-goat IgG coupled to Alexa Fluor 488, goat anti-mouse IgG-AF568, goat antirabbit IgG-AF568 and/or goat anti-rat IgG-AF555 (all from Life Technologies, 1:1000). DNA was counterstained using Hoechst 33342 (Life Technologies, 1:5000). Fluorescence images were recorded on a Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems) maintained by the Center for Microscopy and Image Analysis, University of Zurich. To visualise the localisation of MxB in T98G cells, deconvolution was applied using Huygens version 17.04.
IFN treatment prior to viral infection. T98G cells were treated with 500 IU/ml recombinant human IFN-α2 (Roferon-A, Roche Pharmaceuticals) 18 h prior to virus infection. During and after virus inoculation, the IFN was omitted.
Infection of T98G cells and epithelial cell lines. Unless indicated otherwise, cells were inoculated with the indicated MOI in infection medium (DMEM, high glucose, supplemented with 0.2% (w/v) BSA, 20 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid (HEPES), 200 µM GlutaMAX, 100 IU/ml penicillin and 100 µg/ml streptomycin (Thermo Fisher Scientific)) for 30 min at room temperature, washed with PBS, and then maintained in infection medium at 37°C and 5% CO 2 for the indicated time periods. For IAV, 0.5 µg/ml TPCK-treated trypsin (Sigma-Aldrich) was added to the infection medium after inoculation. For HAdV-C5, cells were inoculated at 37°C and 5% CO 2 for 120 min in 2% FBS medium (DMEM, high glucose, supplemented with 2% FBS, 200 µM GlutaMAX, 100 IU/ml penicillin and 100 µg/ml streptomycin (Thermo Fisher Scientific)). Cells were washed twice in 2% FBS medium and then incubated with 2% FBS medium at 37°C and 5% CO 2 . HAdV-C5 was quantified from intracellular and extracellular virus obtained by scraping cells into the culture supernatant, snap freezing in liquid nitrogen and lysing with three consecutive freeze-thaw cycles. Lysates were centrifuged at 1000 × g for 5 min and titrated on fresh A549 cells. Number of infectious particles per ml was determined by fixing cells in 4% (w/v) PFA after 21 h, quenching with 25 mM NH 4 Cl, permeabilising with 0.5% Triton X-100 and immunostaining with rabbit anti-protein VI antibody 74 . For HSV-1 strain C12, the infected cell cultures were maintained in 2% FBS medium and GFP fluorescence was monitored at 1-3 h intervals using the IncuCyte Zoom Live Cell Analysis System (Essen Bioscience). For HSV-2, inoculation was performed in 2% FBS medium for 60 min at 34.5°C and 5% CO 2 . Cells were then washed with PBS and incubated with 2% FBS medium at 34.5°C and 5% CO 2 . For IAV, VSV, HSV-1 and HSV-2 virus titre determination, supernatants from infected cell cultures were centrifuged at 1500 × g and 4°C for 10 min and titrated on fresh A549 cells using TCID 50 assay. For KSHV, cells were spinoculated for 1 h at 800 × g and 4°C in growth medium and then shifted to 37°C and 5% CO 2 . At 48 h p.i., cells were fixed with 1% (w/v) PFA and GFP expression was measured on an LSR II Fortessa flow cytometer (BD Biosciences) and analysed using FlowJo version 10.2.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis and immunoblot assays. Cells were washed in ice-cold PBS and lysed with radioimmunoprecipitation buffer (20 mM Tris-HCl, pH = 7.4, 100 mM NaCl, 1% NP-40, 0.1% (w/v) sodium dodecyl sulphate, 1% (w/v) sodium deoxycholate, 50 mM NaF, 50 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol and cOmplete™ Protease Inhibitor Cocktail (Roche Applied Science)) for 10 min on ice. Lysates were cleared using QIAshredder spin columns (Qiagen), boiled in Laemmli buffer and resolved on NuPAGE™ 4-12% polyacrylamide gels (Invitrogen). Proteins were transferred onto a nitrocellulose membrane and stained using the following antibodies: goat anti-MxB (Santa Cruz Biotechnology, sc-47197, 1:500), rabbit anti-MxA (Novus Biologicals, H00004599-D01P, 1:1000), mouse anti-HSV-1/2 VP16 monoclonal antibody LP1 75 (kindly donated by A. Minson and H. Browne, University of Cambridge, Cambridge, UK, 1:5000), rabbit anti-GAPDH (Santa Cruz Biotechnology, sc-25778, 1:3000) and mouse anti-GST (Santa Cruz Biotechnology, sc-57753, 1:1000). Densitometric analyses were performed using MultiGauge version 3.0. Values were normalised to the loading control and are represented relative to the appropriate control condition. Uncropped scans of all immunoblots can be found in Supplementary Figs. 8-12 .
RNA extraction and HSV-1 RT-qPCR. Total RNA from infected A549-GST and A549-MxB cells was obtained by lysis in TRIzol ® Reagent (Invitrogen) and RNA extraction using RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. DNA was digested with DNase I (Thermo Fisher Scientific), and cDNA synthesis was performed using random primers (Promega) and SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). cDNA from viral transcripts was quantified by qPCR using GAPDH gene as endogenous control and primers specific for the RL2, RS1 and UL29 genes using SYBR green (Life Technologies). HSV-1 cDNA sequences were amplified at the following conditions: 3 min at 95°C, 39× (15 s at 95°C, 60 s at 45°C), 10 s at 95°C, 5 s at 65°C, 5 s at 95°C
. The following primers were used (in 5′-3′ orientation): RL2-forward: CCT GTC GCC TTA CGT GAA CA and RL2-reverse: ACA CGG ATT GGC TGG TGT AG; RS1-forward: GTG AGA CCC GAA GAC GCA AT and RS1-reverse: CAT CTC TAC CTC AGT GCC GC; UL29-forward: TGG CTT TTC GGA CTA CAC CC and UL29-reverse: TTC GAA GGC CGT GAA CGT AA; GAPDH-forward: GAA GGT GAA GGT CGG AGT C and GAPDH-reverse: GAA GAT GGT GAT GGG ATT TC. Ct values were normalised to GAPDH (ΔCt) and relative virus mRNA levels were calculated using the 2 −ΔΔCt method.
Assays for HSV-1 protein expression and HSV-1 VP5 exposure. A549-GST and A549-MxB cells were inoculated with HSV-1 strain F at the indicated MOI in 2% FBS medium for 60 min on ice in the presence or absence of 100 µg/ml cycloheximide (Sigma-Aldrich). The inoculum was removed and replaced with 2% FBS medium with or without 100 µg/ml cycloheximide. Cells were incubated at 37°C for the indicated time periods, washed twice in PBS and fixed with 3% (w/v) PFA in PBS for 10 min. Fixed samples were permeabilised with 0.5% Triton X-100 in PBS for 5 min, washed three times, and then blocked with 5% goat serum for 30 min at room temperature. HSV-1 major capsid protein was stained using mouse anti-HSV-1/2 VP5 antibody (Abcam, ab6508, 1:200 Analysis of HSV-1 capsid and genome localisation. A549-GST and A549-MxB cells were inoculated with EdC genome-labelled HSV-1 strain F for 1 h on ice with constant rocking in RPMI 1640 medium (Life Technologies) containing 0.2% (w/v) BSA and 20 mM HEPES to allow virus binding. After this period, cells were washed twice with fresh medium and either fixed immediately in 4% (w/v) PFA in PBS or fixed at intervals after incubation at 37°C and 5% CO 2 in the presence of 100 µg/ml cycloheximide (Sigma-Aldrich) to prevent synthesis of viral proteins. For detection of incoming capsids, cells were stained with rabbit anti-HC PAb. After immunostaining, viral genomes were visualised using Copper(I)-catalysed azide alkyne cycloaddition (click) as previously described 28 . Briefly, samples were stained for 2 h at room temperature with freshly prepared click chemistry staining mix containing 10 µM AF488-azide (Life Technologies), 1 mM CuSO 4 (Sigma-Aldrich), 10 mM sodium ascorbate (Sigma-Aldrich), 10 mM amino-guanidine (Sigma-Aldrich) and 1 mM Tris(hydroxypropyltriazolyl)methylamine (Sigma-Aldrich). Samples were stained with 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies) for cell nuclei and succinimidyl ester-AF647 (Life Technologies) for cell outlines, and embedded in DAKO medium (Dako Schweiz AG, Baar). Fluorescence images were recorded on a Leica TCS SP8 confocal laser scanning microscope (Leica Microsystems) maintained by the Center for Microscopy and Image Analysis, University of Zurich. Images were analysed using a custom-made CellProfiler version 2.1.1 pipeline and KNIME version 2.12.2.
Transmission electron microscopy. A549-MxB cells pretreated with siRNA were spinoculated with HSV-1 strain MacIntyre (MOI = 500, virus stock produced in 2% FBS medium and supplemented with 20 mM HEPES prior to inoculation) at 800 × g and 4°C for 60 min in the presence of 100 µg/ml cycloheximide (Sigma-Aldrich). The inoculum was removed and cells were incubated in infection medium in the presence of 100 µg/ml cycloheximide for 3 h. Samples were processed for TEM and analysed by TEM on a Zeiss EM 902A with modifications of previously published protocols 76 . Prior to fixation, cells were washed twice with warm PBS containing 1 mM CaCl 2 and 0.5 mM mgCl 2 (PBS + Ca/Mg Herpesvirus luciferase reporter assay. Transient transfections were performed using jetPRIME ® reagent (Polyplus Transfection) according to the manufacturer's instructions. Transfection complexes were prepared at a DNA:transfection reagent ratio of 1:2 with a total amount of 500 ng DNA per well (24-well plate assay format). Specifically, 200 ng pGL-T9G and increasing amounts of expression plasmids were used (37.5, 75 and 150 ng). The total amount of DNA per well was adjusted using the empty expression plasmid. After the infection period, luciferase activity was determined using the BrightGlo™ Luciferase Assay System (Promega) on an Envision 2104 plate reader (Perkin Elmer).
Transient overexpression for analysis of MxB localisation. Transient transfections for immunofluorescence analysis of MxB variants were performed using ViaFect™ reagent (Promega) according to the manufacturer's instructions. Transfection complexes were prepared at a DNA:transfection reagent ratio of 1:3 with a total amount of 500 ng expression plasmid per well (24-well plate assay format).
Statistical analyses. Statistical analyses were performed using R version 3.4.1 77 . Individual statistical tests are specified within the figure legends. Count data with more than two groups were analysed by Kruskal-Wallis test and pairwise Wilcoxon's rank sum tests. All other grouped data were analysed by analysis of variance (ANOVA) under consideration of the assumptions of normality and homogeneity of variance 78 . Multiple comparison tests with user-defined contrasts were performed with the glht function in the multcomp package. For nonorthogonal multiple comparisons, α-levels were corrected according to Holm's method 79 .
Code availability. Computer code used for immunofluorescence image quantification is available on https://github.com/greberlab/2018_NatComm_MxB.
Data availability. The authors declare that the data supporting the findings of this study are available within the article and its Supplementary Information files, or are available on request.
